This work shows an analytical and experimental technique for characterizing radial heat flow present in integrated circuits ͑ICs͒ when power is dissipated by integrated devices. The analytical model comes from the resolution of the Fermat equation for the trajectory of rays and supposing a spherical heat source dissipating a time-periodic power. An application example is presented; hence demonstrating how hot spots and heat transfer phenomena in the IC substrate can be characterized. The developed method may become a practical alternative to usual off-chip techniques for inspecting hot spots in ICs and to experimentally characterize heat flow in the semiconductor substrate.
Thermal sensing is a common practice in integrated circuits ͑ICs͒ when failure analysis, 1 system debugging, 2 or evaluation of their fabrication process dispersion 3 are performed. In this scenario, optically-based techniques have been widely used to thermally characterize ICs, 4, 5 which have been mainly focused on hot spots detection. 6 Most of them access to the die by its top ͑front-side techniques͒ or back-side surfaces. Moreover, scaling and manufacturing tendencies increase both the number of metal layers 7 and the depth of passivation layers, stack different semiconductor dies in three-dimensional ͑3D͒ packed designs 8 or introduce the use of advanced cooling and heat spreading strategies. 9 Altogether raises the challenges that should be overcome when classical temperature measurement approaches are used 10 to perform an accurate thermal characterization. This work proposes to characterize and locate hot spots ͑i.e., devices or structural defects͒ by sensing their thermal gradient inside the IC substrate by means of a laser beam probe, which longitudinally traverses the die ͑lateral access͒ as Fig. 1 shows. The hot spot detection is based on the Mirage effect: 11 The induced thermal gradient ٌ͓ ជ T͑r , t͔͒ provokes a refractive index gradient ٌ͓ ជ n͑r , t͔͒ within the IC substrate as
where ‫ץ‬n / ‫ץ‬T is the so-called thermo-optical coefficient. Consequently, the beam trajectory is deflected toward the hot spot location in the plane defined by the heat source location ͑x 0 , 0, z 0 ͒ and the laser beam impinging point ͑X 0 , Y 0 , L͒ ͑Ref. 13͒ ͑see Fig. 1͒ , according to the paraxial ray trace equation ͑small trajectory deviations͒ 13, 14 inferred from Fermat's principle
where ٌ ជ Ќ n͑r , t͒ refers to the refractive gradient components corresponding to the directions perpendicular ͑x and y͒ to the laser beam propagation ͑z͒ ͑see Fig. 1͒ and ជ z is the trajectory angular deflection experienced by the laser probe. Once the laser probe has totally traversed the IC substrate, its trajectory has experienced a total deflection ⌬ ជ z , described as
Eventually, ⌬ ជ z is sensed by means of a deflection sensing system, 15 which directly determines its x-and y-Cartesian components ͑referred as horizontal and vertical͒ ⌬ z,h and ⌬ z,v , respectively. This effect has been already exploited for materials local thermal properties determination 16, 17 and for depth-resolved electrothermal characterization of power devices below the microsecond range. 11 Reference 11 reported that such kind of measurements are limited by the substrate doping level ͑e.g., Ͻ10
19 cm −3 for L =2 mm͒ and the upper metallizations presence: the chip substrate must be transparent to the laser beam and reflections on the top metallization may be avoided.
In this work, the procedure to perform the IC active thermal characterization consists in scanning the die perimeter with the laser beam at a given inspection depth Y 0 ͑lat-a͒ Electronic mail: xavier.perpinya@imb-cnm.csic.es. eral access͒. This approach provides a faster thermal characterization of ICs in comparison to other optical punctual techniques, 4,9 being a complementary method when frontside or back-side approaches are not applicable. Besides, the limitations reported in Ref. 11 are not a problematic issue: the doping level in the IC substrates is low ͑Ͻ10 16 cm −3 ͒ and measurements may be performed at Y 0 deeper than the beam diameter avoiding metallization reflections. To show its feasibility in this scenario, an analytical model about this approach is first derived when small devices or structural defects dissipate power ͑hot spots͒. After this, measurements on an IC based on complementary metal-oxidesemiconductor technology are compared to the derived model. Figure 1 also outlines the thermal behavior within the IC substrate when integrated devices or structural defects dissipate a power waveform described by a periodic function of frequency f ͑usual working conditions in digital circuits͒. In this situation, the thermal field T͑r , t͒ generated by the hot spot within the IC substrate can be expanded in a Fourier series, 18 with harmonic components T k ͑r , t͒. By selecting a suitable value for f, it is possible to consider T k ͑r , t͒ confined within the silicon substrate following a radial distribution with spherical symmetry ͑punctual heat source approximation͒, 18 as Fig. 1 depicts in spherical coordinates ͑r , 0, ͒. Therefore, ٌ ជ T͑r , t͒ has the following kth harmonic component ٌ ជ T k ͑r , t͒ outside the power generation region
͑4͒
where C k refers to the Fourier constant, r corresponds to the distance from the heat source, and û r represents the unit vector corresponding to the radial direction from the heat source ͑see Fig. 1͒ . k is a complex constant which depends on f, k, and the material thermal diffusivity
To determine the penetration depth of the thermal energy into the IC substrate, a characteristic depth d k is defined as d k = ͱ D ␣ / ͑kf͒, which corresponds to the thermal diffusion length. 5 Consequently, T k ͑r , t͒ and ٌ ជ T k ͑r , t͒ are confined within the substrate in a hemisphere of radius ⌬r k , which can be expressed as a multiple of d k , 18 i.e., ⌬r k = md k ͑see Fig. 1͒ . Moreover, by selecting a suitable value of k or f, the radius of the thermal disturbance provoked by the kth harmonic of the dissipated power can be externally controlled with high accuracy. Due to the linear dependency expressed in ͑1͒ and ͑2͒, ជ z and ⌬ ជ z can be as well decomposed into Fourier harmonics, referred as ជ z k and ⌬ ជ as a function of the hot spot location, the scanning direction ͑see Fig. 1͒ , and the monitored ٌ ជ T k ͑r , t͒; ជ z k is first derived by solving Eq. ͑2͒ in cylindrical coordinates ͑ 0 , 0 , z͒ and considering n weakly dependent on T͑r , t͒ ͑i.e., n Ϸ n 0 ͒:
is the refractive index of the substrate at ambient temperature, and X 0 ͑Y 0 ͒ corresponds to the lateral ͑vertical͒ coordinate of the beam impinging point ͑see Fig. 1͒ . I͑ 0 , k͒ is the sum of ٌ ជ T k ͑r , t͒ found along the beam trajectory, and writes as
where r i ͑r f ͒ is the lower ͑upper͒ integration limit. Equation ͑6͒ can be solved analytically assuming: First, the radial coordinate 0 of the laser impinging point should be bigger than d k ͑i.e., 0 Ͼ d k ͒, allowing: exp͑− k r͒Ϸ͑1− k r + ͑ k r͒ 2 / 2͒. Second, ٌ ជ T k ͑r , t͒ is negligible outside the range ⌬r k , i.e., ٌ ជ T k ͑r , t͒Ϸ0 in the limiting boundary of the hemisphere with radius ⌬r k . With these assumptions r i = 0 and r f = ⌬r k and the amplitude of I͑ 0 , k͒ ͉͑I͑ 0 , k͉͒͒ is
͑7͒
When measurements are performed, the previous assump 
where ␥ h and ␥ v are the proportionality factors among the output signals and the total deflection Cartesian components.
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Analyzing in more detail the product 0 · ͉I͑ 0 , k͉͒ as a function of 0 , it can be observed that 0 · ͉I͑ 0, k͉͒ corresponds to an even symmetric decreasing function of 0 with a maximum value for 0 =0 ͑beneath the device acting as hot spot͒. Notice that ͉V out,h k ͑ 0 ͉͒ and ͉V out,v k ͑ 0 ͉͒ are obtained by multiplying Eqs. ͑8͒ and ͑9͒ with sin͑ 0 ͒ or cos͑ 0 ͒, respectively. Therefore, the hot spot will be located when ͉V out,h k ͑ 0 ͉͒ and ͉V out,v k ͑ 0 ͉͒ will present minimum and maximum values at the same time.
This approach has been verified with a specific IC ͑3075ϫ 2350ϫ 500 m 3 ͒, which has been developed to measure the thermal coupling generated by the transistors acting as hot spots ͓partially shown in Fig. 2͑d͔͒ . In this IC, there are 16 dissipating devices consisting in metal-oxidesemiconductor field effect transistors with a channel size 20ϫ 1.2 m 2 and connected in diode configuration, i.e., source tied to ground and gate connected to the drain. In addition, each gate is directly accessible through a pin, allowing the individual activation of each device. The square in Fig. 2͑a͒ indicates the location of the transistor activated to generate the hot spot. In the experiments, this transistor has been stimulated in such a way that the power dissipated was periodic ͑5 V voltage square waveform͒; with a frequency of 2120 Hz and amplitude of 25 mW. In this work, only the amplitude of the first harmonic ͑k =1͒ of V out,v and V out,h has been considered ͑i.e., ͉V out,v ͉, respectively͒ after a perimeter scan along the directions x and z as defined in Fig. 1 , together with the fittings of Eqs. ͑8͒ and ͑9͒ for each situation. When the lateral scanning is performed along the z-direction ͑laser propagates through x-direction͒, Eqs. ͑8͒ and ͑9͒ and the definition of 0 should be modified as follows: z 0 by x 0 , û x by û z , and X 0 by Z 0 . The fitting parameters have been the hot spot lateral positions ͑i.e., x 0 and z 0 ͒ and ⌬r 1 . In this case, x 0 = 537Ϯ 1 m, z 0 = 542Ϯ 1 m, and ⌬r 1 = 233Ϯ 3 m have been obtained. The error has been computed accounting for both the lateral resolution fixed by the positioning stage accuracy ͑1 m͒ and the model sensitivity. From Fig. 2 , a high agreement is observed between experiment and the predictions of Eqs. ͑8͒ and ͑9͒.
When the IC perimeter is inspected ͑two lateral sides along the x and z axis͒, the device acting as a hot spot is located at the point where ͉V 
